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1  |  INTRODUCTION

Strong phenotypic divergence in the absence of genetic 
divergence is not unusual among avian taxa, especially 
when only one or a few loci are examined (Dhami et al., 
2016; Joseph et al., 2009; Toews et al., 2016, etc.). This 
uncoupling of phenotypic and genetic diversity suggests 
that selection has played a role in divergence or even 

speciation. Selection can likewise contribute to the un-
coupling of divergence among unlinked loci, resulting in 
heterogeneous patterns of divergence across the genome. 
Indeed, discord among mitochondrial DNA (mtDNA), au-
tosomal and sex chromosome markers is often discovered 
at early stages of speciation or in evolutionarily young, re-
cently radiated bird species (Dhami et al., 2016; Ellegren 
et al., 2012; Lavretsky, DaCosta, et al., 2015). Furthermore, 
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Closely related bird species often exhibit elevated differentiation in the Z- 
chromosome. Genetic differentiation is repeatedly found in so- called ‘islands of 
differentiation’ that might contain loci under selection that contribute to repro-
ductive isolation. Using double- digest restriction- associated DNA sequencing 
(ddRAD- seq), we examined genomic divergence of Mallard (Anas platyrhynchos) 
and Chinese Spot- billed Duck (A.  zonorhyncha), two closely related species of 
ducks that occasionally hybridize. The taxa were distinguishable based on over-
all ddRAD- seq allele frequency differences. However, differentiation on the Z- 
chromosome was about 4.5 times greater than observed for autosomal DNA and 
included three fixed differences in SNPs. These SNPs are the first species- specific 
molecular markers revealed among mallard group species. The causes of elevated 
Z- chromosome divergence are discussed, including the possibility that Z- linked 
loci are resistant to introgression and potentially linked to phenotypic differences 
between the species.
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additional evolutionary processes, including genetic drift, 
gene flow and mutations, contribute variably to the diver-
gence landscape of markers with contrasting modes of in-
heritance and different effective population sizes (Mayr, 
1982; Noor & Feder, 2006). Plumage divergence coupled 
with heterogeneous genomes is well illustrated by a group 
of recently radiated ducks, the mallard group (Anas spp., 
Lavretsky et al., 2019).

Mallard Anas platyrhynchos is the most numerous 
Holarctic game waterfowl species, and it is closely related 
to 13  species comprising the mallard group. Whereas 
the Mallard is a sexually dichromatic migratory duck, 
the other 13  species are mainly monochromatic, non- 
migratory species that have narrower local ranges and 
smaller population sizes. The origin, diversification and 
evolution of mallard group species have long been the tar-
get of molecular genetics research (Brown et al., 2019; Ford 
et al., 2017; Kulikova et al., 2004; Lavretsky et al., 2014, 
2015; McCracken et al., 2001; Rhymer et al., 1994; Wells 
et al., 2019). North American mallards have been studied 
especially thoroughly and paradigmatically with a variety 
of molecular genetic markers (Lavretsky, DaCosta, et al., 
2015, 2019; Lavretsky et al., 2014, 2019, 2020; McCracken 
et al., 2001; Peters et al., 2013, 2016). Despite being phe-
notypically diagnosable and more or less structured at 
mitochondrial DNA, species within the mallard group 
have little to no phylogenetic structure recovered from 
nuclear introns (Lavretsky, Hernández- Baños, et al., 2014; 
Lavretsky, McCracken, et al., 2014), which is probably due 
to recent speciation and gene flow. In recent years, with 
the development of high- throughput sequencing methods 
that allow the simultaneous analysis of multiple loci scat-
tered through the genome, it has become evident that de-
spite high genetic similarity and recurrent gene flow, the 
Mallard and allies possess some genomic regions that ap-
pear to be under divergent selection (Lavretsky, DaCosta, 
et al., 2019; Lavretsky, Janzen, et al., 2019; Lavretsky et al., 
2020). These regions of high differentiation might contrib-
ute to species integrity and prevent species merging.

Genome- scale studies of the mallard group have mostly 
focused on the North American species which comprise 
a recently radiated clade of closely related species and 
subspecies (Lavretsky, DaCosta, et al., 2019; Lavretsky, 
Hernández- Baños, et al., 2014; Lavretsky, McCracken, 
et al., 2014). Here, we expand on this comparison by ex-
amining genomic divergence between the Mallard and 
a member of a presumably separate Eurasian radiation. 
There are three mallard group species in Eurasia: Mallard, 
Chinese or Eastern Spot- billed Duck Anas zonorhyncha 
(hereafter Spot- billed Duck, spotbill), and Indian Spot- 
billed Duck Anas poecilorhyncha. The Mallard has a vast 
breeding range across the continent from the Russian Far 
East through Siberia, Ural to Europe. Chinese Spot- billed 
Duck's breeding range is limited to East Asia; it extends 

from the southern Sakhalin to the west coast of eastern 
Siberia's Lake Baikal and includes most of Japan, Korea 
and north- eastern China (Figure 1). Breeding ranges of 
Mallard and Chinese Spot- billed Duck overlap in the south 
of Russian Far East and north- eastern China. Similar to 
the situation in North America, several Mallard x Chinese 
Spot- billed Duck hybrids are shot almost annually in the 
Primorye region (south of Russian Far East; unpublished 
data), which is not surprising due to their close evolution-
ary relationship, similar behaviour, morphology, ecology 
and high rate and frequency of interspecific hybridization 
in the Mallard complex (Kulikova et al., 2005; Kulikova & 
Zhuravlev, 2009).

Chinese Spot- billed Duck has a diagnosable pheno-
type, but it is not clearly differentiated from Mallard based 
on mtDNA (Kulikova et al., 2004) and is indistinguishable 
from Mallard at autosomal introns (Fst = 0.014; range for 
13 introns = −0.02 to 0.07; Wang et al., 2019). However, 
some divergence between Mallard and Chinese Spot- billed 
Duck caused by the difference in major allele frequencies 
was observed at the Z- linked locus CHD1Z (Fst  =  0.15; 
Wang et al., 2019). Whole genome sequencing revealed low 
genetic differentiation (Fst ~0.01), admixture and close ge-
netic relationship between these taxa (Guo et al., 2021). 
Cost- effective double- digest restriction- associated- DNA 
sequencing (ddRAD- seq) methods proved to be extremely 
useful in discovering and genotyping scores of single- 
nucleotide polymorphisms (SNPs) randomly distributed 
across the genome in non- model species, identification of 
gene flow, hybrid individuals, founder events and singling 
out divergent genomic regions under selection (Lavretsky, 
DaCosta, et al., 2015, 2019; Lavretsky, Engilis, et al., 2015; 
Lavretsky, Janzen et al., 2019; Peters et al., 2016; Peterson 
et al., 2012).

The primary objective of this study was to use ddRAD- 
seq to examine genetic differentiation between Mallard 
and Chinese Spot- billed Duck. More specifically, we ad-
dress the following questions: (a) Are there any divergent 
species- specific loci or just allele frequency differences 
sufficient to distinguish these species, (b) on which chro-
mosomes are such loci primarily located, (c) is there any 
evidence of diversifying selection acting on them or is the 
divergence explained by other evolutionary factors in ac-
cordance with the marker's effective population sizes.

2  |  MATERIALS AND METHODS

2.1 | Sampling, DNA extraction and 
ddRAD- seq library preparation

Liver or muscle tissues were obtained from 23 Spot- billed 
Ducks (17 males, six females), 29 Mallards (19 males, 10 
females) and three male Mallard x spotbill hybrids (Figure 
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S1, Table S1). We extracted genomic DNA using a DNeasy 
Blood & Tissue kit following the manufacturer's protocol 
(Qiagen).

ddRAD- seq libraries were prepared following the pro-
tocol of DaCosta and Sorenson (2014) to generate a pseu-
dorandom sample of DNA sequences scattered throughout 
the genome. In brief, 0.5– 1 μg of genomic DNA was di-
gested using the restriction enzymes SbfI and EcoRI (10 
U of each), and a unique combination of barcoded and 
indexed adapters was ligated to the digested DNA for 
each individual. We size- selected ligated DNA by excis-
ing 300– 450 bp fragments from a 2% low- melt agarose gel. 
The size- selected DNA was purified using a MinElute Gel 
Extraction Kit (Qiagen) and amplified using standard PCR 
with Phusion high- fidelity DNA polymerase (Thermo 
Scientific). PCR products were purified using magnetic 
AMPure XP beads (Beckman Coulter, Inc.) and quantified 
using real- time PCR and an Illumina library quantifica-
tion kit (KAPA Biosystems). Equimolar concentrations 
of each individual library were pooled and sequenced 
(150 base pair reads) on an Illumina HiSeq 2500 at TUCF 

Genomics, Tufts University (Medford). Raw Illumina reads 
have been deposited in NCBI's Sequence Read Archive 
(SRA; http://www.ncbi.nlm.nih.gov/sra; SRA BioProject 
PRJNA828171, SAMN27642144- SAMN27642198).

The raw Illumina reads were demultiplexed and pro-
cesses using the DaCosta and Sorenson's (2014) compu-
tational pipeline. For each individual, identical reads 
were collapsed while retaining read counts and the high-
est quality score for each position. Individual reads with 
an average Phred score <20 were removed. The retained 
reads from all individuals were then combined and clus-
tered into putative loci, and the highest quality read from 
each cluster was compared to a Mallard reference ge-
nome (accession numbers SS263068950 –  SS263191362, 
Huang et al., 2013; Kraus et al., 2011). Clusters with the 
same BLAST hits were combined, and the reads for each 
cluster were aligned using MUSCLE v. 3 (Edgar, 2004). 
Alignments were manually checked and edited as de-
scribed in Peters et al. (2016).

The final alignments were used to genotype individu-
als at each locus using the following criteria from DaCosta 

F I G U R E  1  Map of sample locations for Chinese Spot- billed Ducks, Mallards and hybrids. N = number of samples. Species areas are 
colour coded: Chinese Spot- billed Duck (blue), Mallard (green). See Table S1 for additional sample information

http://www.ncbi.nlm.nih.gov/sra
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and Sorenson (2014). Specifically, individuals were scored 
as homozygous at a locus if ≥93% of reads were consistent 
with a single haplotype, and heterozygous if ≥29% were 
consistent with a second haplotype. Individuals were also 
scored as heterozygous if as few as 20% of reads were con-
sistent with a second allele and that haplotype was rep-
resented in other individuals. Individual genotypes were 
flagged if they did not meet either of these criteria, had 
evidence of more than two haplotypes or were repre-
sented by ≤5 reads; for those genotypes, we retained only 
the allele represented by the majority of reads and scored 
the second allele as missing data. We retained for analy-
sis all loci with ≤10% missing genotypes and ≤5% flagged 
genotypes.

A representative sequence from each of the final align-
ments was aligned to two reference Mallard genomes 
(assembly version IASCAAS_PekingDuck_PBH1.5, acces-
sion number GCF_003850225.1; assembly version CAU_
duck1.0, accession number GCA_002743455.1), which 
allowed us to localize each locus and separate autosomal 
and Z- linked loci for downstream analyses. Only uniquely 
aligned reads were selected.

2.2 | Population structure

We used the program STRUCTURE 2.3.4 (Falush 
et al., 2003) to estimate the number of genetic popula-
tions (K) and to assign individuals to those populations. 
STRUCTURE, based on 3130 autosomal and 194 Z- 
chromosome loci, was run using an admixture model and 
correlated allele frequencies among populations without 
prior information regarding sampling locations. We ran 
20 replicates for each value of K in the range of 1– 4 with 
200,000 steps of the Markov chain Monte Carlo (MCMC) 
after a burn- in period of 50,000 iterations. To display the 
results in a graphical interface, we processed STRUCTURE 
output files in CLUMPAK v.1.1 (Kopelman et al., 2015). 
The optimum K was determined using ΔK (Evanno et al., 
2005) calculated in the CLUMPAK v.1.1. To further as-
sess population structure, we used principal coordinates 
analysis (PCoA) based on the Euclidian distances between 
individual genotypes and implemented by dudi.pca in the 
R software package Adegenet v.2.1.3 (Jombart, 2008). The 
dissimilarity matrix calculation was premised on loci vari-
ability. PCoA plots were produced using the ggplot2 pack-
age version 3.3.2 (Wickham, 2016). Then, we obtained 
maximum likelihood estimates of population assignments 
for each individual with ADMIXTURE v.1.3.0 (Alexander 
et al., 2009). Data formatting for ADMIXTURE was done 
with PLINK (Purcell et al., 2007). We analysed 9139 au-
tosomal and 220 Z- chromosome biallelic SNPs sepa-
rately with 20- fold cross validation in each ADMIXTURE 

analysis. Because ADMIXTURE does not accommodate 
haplodiploid data, females were treated as being homozy-
gous for Z- chromosome loci. The optimum K was based 
on the lowest average of CV errors across all the analyses 
per K. To process and visualize ADMIXTURE outputs, we 
used CLUMPAK v.1.1. ADMIXTURE plots were drawn 
with R Graphics package v. 3.6.3.

2.3 | Genomic differentiation and 
outlier analysis

To assess the pattern of genetic differentiation across the 
genome, we calculated the composite and pairwise per 
locus values of Фst, absolute divergence (i.e. dXY; Nei & Li, 
1979), nucleotide diversity and Tajima's D in the r package 
PopGenome (Pfeifer et al., 2014). We also calculated the 
ratio of adjusted Z diversity (Z diversity divided by an es-
timate of 1.1 for substitution rate ratio of Z vs. autosomes) 
to autosome diversity as an estimate of the ratio of effec-
tive population sizes of the two chromosome types (Irwin, 
2018). We plotted Z- linked pairwise Фst values per locus 
by chromosomal position and both dxy and Tajima's D 
values against nucleotide diversity in Excel. Violin plots 
of nucleotide diversity and absolute divergence were con-
structed using PAST statistical software v. 4.05 (Hammer 
et al., 2001). BayeScan v. 2.1 (Foll & Gaggiotti, 2008) was 
run to identify outlier loci. The BayeScan analysis was car-
ried out for 20 pilot runs of 5000 steps each, followed by 
100,000 burn- in and 200,000 sampling steps with a thin-
ning interval of 10. The false discovery rate (qval) was set 
to 0.05 and the outlier loci were plotted using the R func-
tion provided by the software. We ran two separate analy-
ses, one with autosomal loci and another with Z- linked 
loci. To further estimate relationships between samples at 
the outlier loci, we constructed haplotype networks using 
the median- joining algorithm in the program Network 
v. 10.2.0.0 (Bandelt et al., 1999). We used a parametric 
t- test or non- parametric Kolmogorov– Smirnov (KS) test 
or Mann– Whitney– Wilcoxon (MWW) test to compare 
absolute divergence, nucleotide diversity and Tajima's D 
values between outlier and non- outlier loci identified for 
Chinese spot- billed ducks and mallards. Autosomal and 
Z- linked loci were treated in separate analyses. The p- 
value <.05 was considered statistically significant.

3  |  RESULTS

After quality filtering, we recovered 3324 ddRAD- seq loci 
that met our coverage and missing data criteria. Among 
those loci, 3130  loci (397,408 aligned base pairs; 10,968 
SNPs) and 194 loci (24,098 aligned base pairs; 392 SNPs) 
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were assigned to autosomes and the Z- sex chromosome 
respectively (Table S2).

Mallards and spotbills had similar overall autosomal 
nucleotide diversity (Table 1). Mallards Z chromosome 
nucleotide diversity was slightly higher than that of spot-
bills. Composite absolute divergence dxy was almost equal 
or slightly higher than nucleotide diversity for both types 
of markers. Genetic differentiation between species was 
higher for the Z chromosome than for the autosomes 
with the observed ФstZ to ФstA ratio of 4.5 (Table 1). The 
frequency distribution of pairwise Фst values revealed 
a long tail that extended into high Фst values (>0.3) for 
the Z- chromosome (Figure 2). The estimated Ne,Z/Ne,A 
ratios were 0.4012 and 0.3191 for Mallard and spotbill 
respectively.

3.1 | Population structure

The first coordinate axis in PCoA separated Mallards 
and spotbills most effectively when both autosomal and 
Z chromosome markers were analysed (Figure 3a). The 
hybrids occupied intermediate positions between Mallard 
and spotbill samples. Using only autosomal loci resulted 
in lower separation among taxa; however, Mallards and 
spotbills still clustered into separate groups (Figure 3b). 
In both analyses, there were three pairs of samples (one 
pair of Mallards from Finland, one pair of Mallards from 
Kamchatka and one pair of spot- bills) that each clustered 
away from the main clusters. These pairs were likely close 
kin (Peters et al., 2016). PCoA based on Z loci distance 
matrix differentiated Mallards and spotbills, but the sam-
ples were widely scattered in two dimensions (Figure 3c). 
There was no differentiation among groups of Mallards: 
Finland, Kamchatka and Primorye samples were inter-
mixed (Figure 3a– c).

Admixture analysis was based on 9139 autosomal 
and 220 Z- chromosome biallelic SNPs, excluding single-
tons. For autosomal loci, the optimum value of K was 
1 with the cross- validation value (CV) of K  =  2 being 
only slightly higher than the CV of K = 1 (Figure S1C). 
Admixture of K = 2 for autosomal markers did not dis-
criminate clearly between samples from Mallard and 
Spot- billed Duck, although samples of each species con-
sistently had higher assignments to their respective pop-
ulation. Hybrids could be equally identified as Mallards 
or spotbills (Figure S1A). The optimum value of K for 

Z- linked loci was 2 (Figure S1C) at which Mallard and 
Spot- billed Duck samples were unequivocally assigned 
to different populations with hybrids having intermedi-
ate ancestry in comparison with parent species (Figure 
S1B). Using autosomal loci admixture identified 16 ad-
mixed Mallards and 10 admixed spotbills with Q val-
ues of 22– 51% and 24– 35%, respectively, while analysis 
based on Z- linked markers ascertained mixed ancestry 
in eight Mallards and one spotbill with Q values of 4%– 
29% and 2.7% respectively. Analysis of both types of 
markers did not reveal any genetic structure in Mallards 
(Figure S1A,B).

Structure corroborated admixture results. Delta K 
calculation indicated that K = 2 was the best supported 
model for both autosomal and Z- linked loci. The two- 
population model revealed clear separation between 
Mallards and spotbills that received high assignment 
probabilities for their respective groups (Mallard: 
Q  >  0.997 for autosomal loci, Q  >  0.935 for Z- linked 
loci; Spot- billed Duck: Q  >  0.763 for autosomal loci, 
Q > 0.981 for Z- linked loci; Figure 4). Hybrids showed 
evidence of admixture from Mallards and spotbills (as-
signment probabilities for autosomal loci: hybrids ← 
Mallards Q = 0.840, range 0.664– 0.998, hybrids ← spot-
bills Q = 0.160, range 0.002– 0.336; for Z- linked loci: hy-
brids ← Mallards Q = 0.445, range 0.280– 0.616, hybrids 
← spotbills Q = 0.555, range 0.384– 0.720).

3.2 | Genomic differentiation and 
outlier loci

Comparing allele frequencies between Mallard and Spot- 
billed Duck populations, BayeScan identified autosomal 
and Z- linked loci under diversifying and balancing or 
purifying selection (Table S3). The Z- chromosome con-
tained approximately a 2.5- time higher percentage of 
loci under diversifying selection than autosomes (1.5% 
and 0.6% respectively). It harboured three significant 
outlier loci with prominent Фst estimates (>0.89) and 
signatures of divergent selection (α > 1.26, q < 0.009): 
(~31,239,684; ~35,972,534; ~78,252,210 base positions; 
Figure 5) and 12  loci under balancing or purifying se-
lection. Five autosomal chromosomes contained nine 
outlier loci with high Фst (>0.26) and signatures of di-
vergent selection (Chromosome 1 [~71,072,809 base po-
sition, ~83,509,713 base position, 2Mb region between 

πA dxyA πZ dxyZ Фst ФstA ФstZ

Mallard 0.00673 0.00690 0.00297 0.00295 0.02197 0.0208 0.0937

spotbill 0.00678 0.00238

T A B L E  1  Genetic diversity and 
differentiation of Mallard and Chinese 
spot- billed Duck. π- nucleotide diversity, 
dxy— absolute divergence, A— autosomal, 
Z— Z- chromosome
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base pair positions 1.15E8– 1.17E8], Chromosome 2 
[~901,937 base position], Chromosome 4 [~38,654,056 
base position], Chromosome 5 [~43,757,329 base posi-
tion] and Chromosome 12 [~10,622,270 base position]). 
Outliers with lower Фst (0.02– 0.23) and evidence of di-
vergent selection were found on chromosomes 1, 2, 4, 
10, 14, 15, 21 and 29 (Table S3).

Haplotype networks for the three prominent Z- linked 
outlier loci demonstrated fixed allele differences and pres-
ence of species diagnostic alleles (positions 31,239,684; 
35,972,534), or significant allele frequency differences 
(position 78,252,210; Figure 6). Locus Z:31,239,684 in-
cluded a fixed difference between spotbills (100% of 
spotbills shared the same allele) and Mallards (96.5% 
of Mallards shared one allele; 3.5% had another); hy-
brids carried one copy of each of the two common al-
leles. Similarly, all the spotbills (100%) had one allele of 
Z:35,972,534, while 98% of all the Mallards had another 
allele, and there was a fixed difference between species. 
Hybrids again had both types of Z:35,972,534 alleles 
in equal proportions (50:50). Two prevalent alleles of 
Z:78,252,210 had considerable species- specific composi-
tion with one comprising 91.5% of all Mallards, 2.6% of 
spotbills and 50% of hybrids and the other one consist-
ing of 97.4% of all spotbills, 2.1% of Mallards and 50% of 
hybrids (Figure 6). Фst values corresponded to network 
patterns; extremely high Фst (0.97, 0.98 and 88.7) were 
observed for all pairwise comparisons between Mallards 
and spotbills for loci Z:31,239,684; Z:35,972,534; and 
Z:78,252,210 respectively.

Z- chromosome significant outlier loci were checked 
against full genome sequencing reads of Mallards and 
spotbills available in NCBI Sequence Read Archive as 
possible species- specific markers (Table S4). SNPs in po-
sition 130 of ddRAD- seq locus Z:35,972,534 and in posi-
tion 106 of locus Z:78,252,210 effectively differentiated 

Mallards and spotbills. All the Mallard and Spot- billed 
Duck genomes analysed had alternative nucleotide vari-
ants in those positions. Using SNP Z:31,239,684 (42A/G) 
as a diagnostic marker was complicated due to it having 
high similarity to sequences on autosomes, which had an 
A in position 42, in both species. Nevertheless, all match-
ing Mallard reads had an A in position 42 of Z:31,239,684, 
whereas spotbill reads had a two-  to four- time higher fre-
quency of G than A in this position (Table S4). DNA reads 
with 42A found in Spot- billed Duck genomes were shorter 
than the ddRAD- seq locus Z:31,239,684 and sometimes 
had insertions. No such ambiguity occurred with ddRAD- 
seq markers.

Scatter plots allowed us to visually compare the re-
sults of calculating Tajima's D, nucleotide diversity and 
absolute divergence for outlier and non- outlier markers 
(Figures S2 and S3). The distribution of Tajima's D was 
similar between autosomal outlier and non- outlier mark-
ers for Mallard (KS test p = .058) but was not so for Spot- 
billed Duck (KS test p  =  .031). Tajima's D distributions 
of Z- linked outliers and non- outliers were quite similar 
(MWW test p  >  .61) and were shifted towards negative 
values in both species (Figure S2). Nucleotide diversity 
estimates of Z- linked outlier markers were three to four 
times lower on average than those of non- outlier markers 
in both Mallard and Spot- billed Duck (MWW test p < .05). 
In contrast, autosomal outlier and non- outlier markers 
had similar nucleotide diversity estimates in both species 
(two- tailed t- test p  >  .7; Figure S3). Values of dxy were 
relatively low and did not differ between autosomal out-
liers and non- outliers (two- tailed t- test p  =  .102, Figure 
S3), whereas average dxy was about three times higher for 
Z- linked outlier loci compared to Z- linked non- outliers 
(MWW test p = .019). Overall, compared to non- outliers, 
the outlier regions on the Z- chromosome were charac-
terized by high absolute divergence and low nucleotide 

F I G U R E  2  Frequency distribution 
of ΦST estimates across 3130 autosomal 
and 194 Z- linked ddRAD- seq loci between 
Mallard and Chinese Spot- billed Duck. 
Insert provides expanded view of the 
frequency distribution of ΦST estimates 
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diversity. Autosomal outliers were similar to autosomal 
non- outlier regions for these parameters.

There was a strong positive correlation between au-
tosomal absolute divergence and nucleotide diversity in 
both spotbills and Mallards, and in nucleotide diversity be-
tween species (Figure S3). The correlation between these 

parameters for Z- linked loci was weaker, especially when 
comparing nucleotide diversity between spotbills and 
Mallards. To compare the distributions of absolute diver-
gence and nucleotide diversity in Mallard and Spot- billed 
Duck, we constructed violin plots (Figure 7). The distri-
butions of nucleotide diversity and absolute divergence 

F I G U R E  3  Scatter plots of the first two principal coordinates for (a) 3130 autosomal and 194 Z- linked (b) 3130 autosomal (c) 194 Z- 
linked ddRAD- seq loci for Mallard, Chinese Spot- billed Duck and their hybrids
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were similar for autosomal loci (ANOVA; p  =  .83) but 
differed significantly for Z- linked loci (ANOVA; p = .047). 
Similarly, the distributions of nucleotide diversity for Z- 
linked loci differed significantly between Mallard and 
spotbill (MWW test p = 1.79E- 05; KS test p = 3.96E- 07). 
The same was true for comparison of Z- chromosome nu-
cleotide diversity and absolute divergence for spotbills 
(MWW test p = 2.94E- 06; KS test p = 6.80E- 08) but not for 
Mallards (MWW test p = .96; KS test p = .76).

4  |  DISCUSSION

4.1 | Population structure

Mallard and Chinese Spot- billed Duck are waterfowl spe-
cies with overlapping breeding areas in East Asia. Their 
hybrids are not often but quite regularly found in the 
south of the Russian Far East during the breeding season 
since the north- western expansion of spotbill's breeding 

F I G U R E  4  STRUCTURE assignment 
probabilities for mallard, Chinese Spot- 
billed Duck and Mallard x Chinese Spot- 
billed Duck hybrids for 3130 autosomal 
and 194 Z- linked ddRAD- seq loci. K— 
number of populations
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F I G U R E  5  Frequency distribution 
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range into Eastern Siberia that began about 80 years ago 
(Polivanova, 1971; Skryabin, 1963). Nevertheless, there is 
not any evidence of increasing numbers of hybrids or in-
trogressive hybridization threatening the species integrity 
of Mallard or spotbill. Previous studies revealed the close 
evolutionary relationships between these species and the 
absence of diagnostic genetic markers. Both mtDNA and 
nuclear introns failed to differentiate Mallards and spot-
bills (Kulikova et al., 2004; Wang et al., 2019). Whole- 
genome sequencing supported low genetic differentiation, 
monophyly and genomic intermixture of these taxa (Guo 
et al., 2021).

In this study, a sufficient number of ddRAD- seq loci 
with different allele frequencies was recovered which al-
lowed multi- locus assignment of individuals to their paren-
tal species. Admixture and structure were consistent with 
assigning individuals to the two separate species, although 
structure found much less evidence of admixture (Figure 4 
and Figure S1A). Z- chromosome results of admixture and 
structure analysis were more similar and unequivocal in 
assigning Mallards and spotbills to their corresponding 

populations (Figure 4 and Figure S1B). Admixture and 
structure results are also corroborated by a much higher 
Фst value for Z- chromosome markers (0.094) compared to 
autosomal loci (0.021). More pronounced differences be-
tween species based on Z- chromosome markers have been 
observed between many closely related bird species (Irwin, 
2018), including Mallard and its North American monochro-
matic relatives like Mexican Duck (Anas diazi), American 
Black Duck (A.  rubripes) and Mottled Duck (A.  fulvigula) 
(Lavretsky, DaCosta, et al., 2015, 2019; Lavretsky, Engilis, 
et al., 2015). Elevated differentiation on the Z chromosome 
is usually explained by faster Z evolution, reduced effec-
tive population size, lower recombination rate and large Z 
effect (Irwin, 2018; Lima, 2014; Mank et al., 2010; Wright 
et al., 2015). Given that species in the mallard complex di-
verged recently (Lavretsky, DaCosta, et al., 2019; Lavretsky, 
Hernández- Baños, et al., 2014; Lavretsky, McCracken, et al., 
2014), higher admixture for autosomal markers was likely 
the result of a combination of shared ancestral variation due 
to the larger effective population size and perhaps recurrent 
gene flow.

F I G U R E  6  Haplotype networks for 
the three most extreme outlier loci on 
Z- chromosome (positions 29,601,875; 
35,972,534; 78,252,210). Each haplotype 
network includes one (females) or two 
(males) alleles per individual

Mallard hybridspotbill

Z: 78,252,210Z: 31,239,684 Z: 35,972,534

F I G U R E  7  Violin plots showing the 
distribution of the nucleotide diversity 
and pairwise absolute divergence values 
of Z- chromosome and autosomal ddRAD 
loci in Mallard and Chinese Spot- billed 
Duck
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Three phenotypic hybrids had ~50/50 mixed ancestry 
based on admixture analysis of Z- chromosome loci. For 
autosomal loci assignment of hybrids to parental species 
(Mallard/Spot- billed Duck) varied on average from 42/58 
in admixture to 84/16 in structure (Figure 4 and Figure 
S1). Given the strongly defined transitional plumage and 
bill colour as well as close to intermediate values of assign-
ment probabilities to parental species, we conclude that 
the hybrids studied are likely recent generation hybrids 
(F1/F2 generations). Our conclusion is consistent with 
the decay in differentiation for outlier loci with increased 
backcrossing in American black duck x Mallard hybrids 
(Lavretsky, Janzen, et al., 2019).

We did not find evidence of population structure in 
Mallard, despite sampling from widespread locations 
across Eurasia. There was no difference observed between 
Finland, Kamchatka and Primorye samples which con-
firmed the widely accepted view on Mallard in Eurasia 
as one panmictic population (Kraus et al., 2013; Kulikova 
et al., 2012) with the exception of some population struc-
ture revealed in Europe as a result of release of game- farm 
Mallards in a few European countries (Söderquist et al., 
2017).

4.2 | Genomic differentiation

Mallard and Spot- billed Duck had similar overall nu-
cleotide diversity with absolute divergence being almost 
equal or slightly higher than within population diversity 
for both types of markers. The recent divergence between 
Mallard and Spot- billed Duck likely explains these simi-
larities, which is in concordance with the results obtained 
on these taxa using mtDNA (Kulikova et al., 2004), in-
trons (Lavretsky, McCracken, et al., 2014; Wang et al., 
2019) and whole- genome sequencing (Guo et al., 2021). 
The dates of divergence based on different markers vary 
but all studies converge on the idea of a recent radiation 
of mallard group species in general and recent divergence 
of Mallard and Spot- billed Duck in particular (Guo et al., 
2021; Kulikova et al., 2004; Lavretsky, McCracken, et al., 
2014; Wang et al., 2019).

Within- population nucleotide diversity was depressed 
on the Z- chromosome of both species with the ratio of Z to 
autosomal nucleotide diversity being much lower than ex-
pected from population size effects. Thus, estimated Ne,Z/
Ne,A ratios for Mallard and Spot- billed Duck (0.4012 and 
0.3191 respectively) were considerably below that of 0.75 
characteristic of idealized populations and well below the 
theoretical minimum of 9/16 (i.e. 0.5625) expected in case 
of extreme variance in male mating success (Charlesworth, 
2001). However, ducks are not polygynous; their prevalent 
mating system is seasonal monogamy. Forced copulations 

as a secondary mating tactic of monogamous males de-
spite being quite common in ducks is not always success-
ful due to morphological complexity in female genital 
morphology (Brennan et al., 2007) and mate defence by 
paired males (McKinney et al., 1983). Analysis of extra- 
pair paternity in Mallard revealed that extra- pair offspring 
accounted for 9.3% of all offspring (Kreisinger et al., 2010), 
which is not enough to shift the Ne of Z chromosome to 
achieve the observed Ne,Z/Ne,A ratios.

In addition to lowered Z chromosome nucleotide di-
versity and Ne,Z/Ne,A ratio in both species, relative diver-
gence was 4.5 times higher for Z- linked than for autosomal 
ddRAD markers. We believe that linked selection would 
fit quite well as an explanation of the observed high ФstZ:A 
and low Ne,Z/Ne,A ratios. Most loci under balancing or pu-
rifying selection as well as three prominent loci under pos-
itive selection were found on the Z- chromosome (Table 
S3). It is challenging to identify if selection was promot-
ing lineage- specific adaptation or reproductive isolation. 
Given that hybridization between Mallard and Spot- billed 
Duck occurs on a regular basis, we assume that the pro-
nounced differentiation of the Z- chromosome could arise 
from limited gene flow due to genetic incompatibilities be-
tween mutations accumulated at Z- linked loci after recent 
species divergence. Many sexually selected traits such as 
male plumage and female preference are Z- linked in birds 
(Irwin, 2018). Therefore, sexual selection is an equally 
probable explanation of the observed patterns. Mallard 
is a dimorphic species whereas Spot- billed Duck males 
and females have similar plumage colour with female 
Mallards. Reduction of Z- linked loci gene flow may be 
due to female- biased gene flow because hybrid males fail 
to compete for mates similar to two hybridizing Darwin's 
finches (Lamichhaney et al., 2020).

Spotbills had slightly lower overall Z- linked nucle-
otide diversity and lower Ne,Z/Ne,A ratio than Mallards. 
Lower Ne,Z/Ne,A ratio revealed in monomorphic Spot- 
billed Duck as compared to dimorphic Mallard is con-
sistent with the results obtained on eight species pairs of 
birds with contrasting levels of dichromatism (Huang & 
Rabosky, 2015), contradicting the expectation of stronger 
sexual selection on Z- chromosome in dimorphic species 
(Price, 2019). Mallard and Spot- billed Duck had statis-
tically significant differences between distributions of 
Z- linked nucleotide diversity. An extremely low median 
value and an excess of loci with low- nucleotide diversity 
were characteristic of spotbills (Figure 7). The reduc-
tion in nucleotide diversity was uniformly distributed 
along the Z chromosome (Figure S4). We hypothesize 
that this steady reduction of nucleotide diversity is the 
consequence of a bottleneck followed by strong genetic 
drift experienced by spotbills during the recent past. 
Similar to the Z- chromosome, the effective population 
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size of Spot- billed Duck based on mtDNA was about five 
times lower than that of Mallard (Wang et al., 2019). 
Mitochondrial DNA is haploid and has one- fourth the 
effective population size of autosomal DNA. The some-
what less prominent reduction in nucleotide diversity on 
Spot- billed Duck Z chromosome could be explained by 
the fact that the effective population size of Z chromo-
some is three- fourths that of autosomes. Whole- genome 
sequencing results are consistent with our assumption. 
PSMC analysis of Mallard and Spot- billed Duck full ge-
nomes showed that Ne of both species increased about 
1 mya, reached a maximum about 40 kya and then de-
clined dramatically near the start of the last ice age. 
Overall Ne in Mallard was slightly higher than in spot-
bills before the decline in population size and almost two 
times higher after the decline (Guo et al., 2021).

4.3 | Outlier loci

Three Z- linked outlier loci were strong candidates for 
being under divergent selection (Table S3). These outlier 
regions were characterized by high relative divergence, 
negative Tajima's D values, relatively high estimates of 
absolute divergence and low nucleotide diversity. Unlike 
Z- linked outlier regions, autosomal outliers and non- 
outliers had similar estimates of the above- mentioned 
parameters, and thus, did not carry the same signatures 
of selection as observed for Z- linked outliers (Figures S2 
and S3). Therefore, we hypothesize that advanced diver-
gence between parts of Z- chromosomes of Mallards and 
Spot- billed Ducks is likely to be the result of divergent or 
diversifying selection.

Phenotypic differences between Mallard and Spot- 
billed Duck involve mainly coloration traits. Given that 
many genes regulating plumage and bill colour are found 
on the avian Z- chromosome (Irwin, 2018), and that we 
found weak autosomal genetic differences, we hypoth-
esize that phenotypic differences between Mallard and 
Spot- billed Duck are likely Z- linked. Our findings and in-
ferences on the Z- chromosome outlier loci are consistent 
with the results obtained on Mallard and Mexican duck, 
Australian teals (Dhami et al., 2016; Lavretsky, DaCosta, 
et al., 2015) and other avian species. Z- chromosome is-
lands of differentiation contain genes regulating plumage 
pattern and colour in parulid warblers, capuchino seed-
eaters, Gouldian finch (Erythrura gouldiae), Reunion grey 
white- eye (Zosterops borbonicus) (Bourgeois et al., 2020; 
Campagna et al., 2017; Kim et al., 2019; Toews et al., 2016; 
Toomey et al., 2018). However, limited genomic coverage 
provided by ddRAD sequencing (~0.03%– 0.04% of the ge-
nome) could prevent the discovery of pronounced islands 
of differentiation in our data.

Lavretsky, DaCosta, et al. (2019) detected evidence of 
an island of divergence on the Z- chromosome that was 
located around positions 1.7E7– 3.8E7  bp. This region 
of elevated divergence was observed within all pairwise 
comparisons between Mallard and its North American 
relatives. In contrast, for Mallard versus spotbill, loci 
with moderate to high Фst values were scattered across 
the Z- chromosome. Notably, however, two of the signif-
icant outlier loci fell within the same region of elevated 
divergence detected by Lavretsky, DaCosta, et al. (2019) 
on the Z- chromosome. Thus, this is a good candidate 
region for discovering loci that are under divergent se-
lection and perhaps involved with speciation or pheno-
typic differences.

This is a first time that species- specific SNPs have 
been discovered between any species within the mallard 
group. Three diagnostic SNPs found in Z- linked outlier 
regions could be effectively used as species- specific mo-
lecular markers in research with these species. In order 
to check their applicability in species assignment, we ran 
Megablast search across fully sequenced Mallard and 
Spot- billed Duck genomes deposited in GenBank (Table 
S4). The results of Megablast strongly supported the idea 
of using these SNPs as species- specific markers except 
for the confusion with the SNP (42A/G) in outlier re-
gion Z:31,239,684. All Mallard reads had an A in position 
42, whereas spotbill reads had G and less frequently A. 
The latter was due to the presence of similar sequences 
(with identity <85%) on chromosomes 1, 2, 3, 5, 9, 12, 14 
etc. in both species. Autosomal sequences identical to 
Z:31,239,684 with an A in position 42 were shorter than 
the outlier region and therefore did not obstruct spot- 
billed duck identification based on ddRAD- sequencing. 
The other SNPs worked perfectly well- discriminating 
Mallards and spotbills. Three Mallard x Spot- billed Duck 
hybrids were heterozygotes at three diagnostic SNPs, sup-
porting our assumption on their recent hybrid origin (i.e. 
they were likely F1/F2 generation hybrids).

5  |  CONCLUSION

In conclusion, elevated differentiation on the Z- 
chromosome between Mallard and Spot- billed Duck is 
likely the result of interactions among multiple evolu-
tionary mechanisms and factors such as selection, demo-
graphic history, genetic drift, gene flow, mating system, 
sex- biased dispersal etc. We suggest that the most influen-
tial among them were genetic drift and selection. Z- linked 
diagnostic SNPs appear to be associated with regions of 
the Z chromosome under divergent selection. We hypoth-
esize that such regions play an important role in resist-
ance to introgression and thus prevent gene flow between 
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recently diverged Mallards and spotbills. Whether these 
regions are involved in phenotypic differences between 
the species and sexual dimorphism is the prospect of fu-
ture work. We believe that whole- genome sequencing 
along with plumage analyses will shed light on phenotypic 
evolution and help to identify speciation mechanisms in 
Mallard and Chinese Spot- billed Duck.
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